Transgenic mice overexpressing Notch4 intracellular domain (Int3) under the control of the whey acidic protein (WAP) or mouse mammary tumor virus-long terminal repeat promoters, develop mammary tumors. Microarray analysis of these tumors revealed high levels of c-Kit expression. Gleevec is a tyrosine kinase inhibitor that targets c-Kit, platelet-derived growth factor receptors (PDGFRs) and c-Abl. This led us to speculate that tyrosine kinase receptor activity might be a driving force in the development of Int3 mammary tumors. WAP-Int3 tumor-bearing mice were treated with continuous release of Gleevec using subcutaneously implanted Alzet pumps. Phoshorylation of c-Kit, PDGFRs and c-Abl is inhibited in Int3 transgenic mammary tumors by Gleevec. Inhibition of these enzymes is associated with a decrease in cell proliferation and angiogenesis, and an induction of apoptosis. To examine the signaling mechanisms underlying Notch4/Int3 tumorigenesis, we employed small interfering RNA (siRNA) to knock down c-Kit, PDGFRs and c-Abl alone or in combination and observed the effects on soft agar growth of HC11 cells overexpressing Int3. Only siRNA constructs for c-Kit and/or PDGFR-a were able to inhibit HC11-Int3 colony formation in soft agar. Our data demonstrate an inhibitory effect of Gleevec on Int3-induced transformation of HC11 cells and mammary tumors and indicate an oncogenic role for c-Kit and PDGFR-a tyrosine kinases in the context of Int3 signaling.
Introduction
The Notch signaling pathway is involved in cell fate decisions of tissues and organs in several different organisms (Callahan and Raafat, 2001 ). The Notch gene encodes a transmembrane receptor protein. In mammals, there are four members of the Notch gene family, some of which are targets for mutations that contribute to tumor development (Allenspach et al., 2002) . Developmental transitions and malignant transformations share many of the same signaling pathways. An emerging view of malignant transformation is that of a developmental program that lacks the precise control and regulation seen during development. Recently, growing evidence supports aberrant Notch signaling in malignant transformation. Notch3 overexpression has been implicated in cases of human lung cancer (Dang et al., 2000) and activation of Notch3 in lung epithelium leads to the inhibition of epithelial differentiation (Dang et al., 2003) . In a subset of human T-cell acute lymphoblastic leukemias, there is a disruption in the Notch1 gene locus that leads to activated Notch1 signaling (Pear and Aster, 2004; Chiaramonte et al., 2005) . An early indication that Notch4 signaling is involved in mammary gland development and tumorigenesis stems from the identification of the Notch4 gene as a common insertion site for the mouse mammary tumor virus (MMTV) in a feral strain of mice (Gallahan et al., 1987) . MMTV integration into the Notch4 gene results in the transcription of a truncated, constitutively active Notch4 gene product (Int3) that corresponds to the intracellular domain (ICD). Expression of Int3 represents a gain-of-function mutation (Robbins et al., 1992; Gallahan and Callahan, 1997) . We have shown that expression of Int3 from either the MMTV long terminal repeat (LTR) or the whey acidic protein (WAP) promoter in transgenic mice blocks normal mammary lobular development and the ability of these females to lactate (Jhappan et al., 1992; Smith et al., 1995; Gallahan et al., 1996) . In addition, 100% of the females develop mammary adenocarcinomas (Jhappan et al., 1992; Gallahan et al., 1996; Gallahan and Callahan, 1997) .
Microarray analysis of MMTV LTR and WAP-Int3 mammary tumor RNAs revealed high steady-state levels of the c-Kit tyrosine kinase receptor, as compared to control FVB mammary tissue (our unpublished data). The c-Kit receptor is a transmembrane tyrosine kinase that belongs to the larger receptor tyrosine kinase type III family (RTK III). This family also includes the c-Abl and platelet-derived growth factor receptors (PDGFR-a and PDGFR-b) (Besmer et al., 1986) . The role of the RTK III family in human malignancies is well known. In chronic myeloid leukemia (CML), c-Abl is activated by a translocation to create a Bcr/Abl fusion protein (Marley and Gordon, 2005) . Human gastrointestinal stromal tumors (GIST) harbor activating mutations of c-Kit (Lasota et al., 1999; Taniguchi et al., 1999; Kim et al., 2000) or, in c-Kit-negative subsets, activating mutations of PDGFR-a (Heinrich et al., 2003) . The aim of the present study was to investigate the significance of elevated levels of c-Kit in MMTV LTR and WAP-Int3 mammary tumors and to determine whether the expression of c-Kit and/or other RTK III family members, in the context of Int3 signaling, contributes to malignant growth.
Results

Expression of Gleevec targets in WAP-Int3 mammary tumors
To investigate the effects of Int3 expression on alterations in gene expression, we performed a gene array study comparing normal mammary tissue from FVB/N females and WAP-Int3 or MMTV LTR-Int3 tumors (data not shown). Of particular interest to us was the increased steady-state levels of c-Kit RNA in theWAPInt3 and MMTV LTR-Int3 tumors as compared to mammary tissue from normal virgin or pregnant FVB/ N mice ( Figure 1a ). To determine whether other related RTK III including c-Abl, PDGFR-a and PDGFR-b were also expressed in these tumors, total RNA extracts from three independent primary WAP-Int3 mammary tumors were analysed for c-Kit, c-Abl, PDGFR-a and PDGFR-b expression by PCR with reverse transcription (RT-PCR). All three tumors were positive for these other RTK III RNAs (Figure 1b) . Additionally, immunohistochemical analysis demonstrated that all three primary tumors express the respective proteins ( Figure 1c) . The c-Kit and PDGFR-a proteins (Figure 1c , panels 5 and 6, respectively) are expressed in most of the tumor epithelium, whereas PDGFR-b (Figure 1c , panel 7) was detected primarily in the stroma of the tumors. Only a minor fraction of the tumor epithelium was stained with the c-Abl antibody ( Figure 1c, panel 8 ).
Gleevec dose response
To ascertain whether members of the RTK III family are involved in Int3-induced mammary tumorigenesis, we undertook a dose-response study to determine the effects of Gleevec on WAP-Int3 tumor-bearing mice. We used 21 or 10.5 mg/week of Gleevec per mouse. Mice treated with a 10.5 mg/week dose showed no significant change in the tumor weight. In contrast, there was a significant reduction in mammary tumor weight (TW) in mice treated with 21 mg/week (Figure 2a ). Therefore, a dose of 21 mg/week was used in all subsequent experiments. Mice treated with water showed a significant continuous increase in tumor weight. We had to euthanize these mice at day 4 of water treatment because of the tumor weight. Histological analysis of hematoxylin and eosin (H&E)-stained liver and kidney sections from Gleevec-treated mice did not show any evident morphological alterations such as necrosis or inflammatory changes due to toxicity (data not shown). These results demonstrate that WAP-Int3 mammary tumors are sensitive to Gleevec and further provide a strong rationale that the activation of one or more of the RTK III targets of Gleevec, in the context of Int3 signaling, likely contributes to tumor growth. To determine the range of Gleevec effects on tumor growth, we treated five WAP-Int3 tumor-bearing mice with 21 mg/week Gleevec for 1 week and monitored TW daily. At the end of the treatment period, TW was significantly reduced (Figure 2b ) in all mice. When the pumps were depleted of Gleevec after day 6, there was a resumption of tumor growth, suggesting that continuous inhibition of Gleevec targets is needed to effectively inhibit tumor growth. In a separate experiment, we examined the effect of Gleevec on the growth Kit and PDGFR-a in Notch4/Int3-induced tumorigenesis A Raafat et al of transplanted WAP-Int3 mammary tumor viable tissue. As shown in Figure 2c , mammary tumor growth was totally blocked in the Gleevec-treated mice, indicating lower receptor activity compared to the control.
Phoshorylation status of c-Kit, c-Abl, PDGFR-a and PDGFR-b We examined the in vivo effects of Gleevec treatment on the steady-state levels of total and phosphorylated c-Kit, PDGFR-a, PDGFR-b and c-Abl by immunohistochemistry. Transplanted tumor samples were obtained at different time points after Gleevec treatment for histologic and immunohistochemical analyses. Steadystate levels of all four proteins were comparable in the tissue from Gleevec-treated and control-(water) treated mice (Figure 3a-d, panels 1 and 3) . Thus as shown in Table 1 , 75-80% of the tumor epithelium stained positive for c-Kit, and 30 and 40% of tumor epithelium was positive for PDGFR-a and c-Abl, respectively. PDGFR-b was stained primarily in the stroma (35-38% of the cells). Treatment with Gleevec did not affect protein level; however, the level of receptor phosphorylation was significantly reduced in the samples from the Gleevec-treated mice, whereas treatment with water had no effect on inhibiting phosphorylation (Figure 3a -d, panels 2 and 4 and Table 1 ).
Cell proliferation, apoptosis and microvascularization levels in WAP-Int3 tumors from Gleevec-treated mice We also examined the effects of Gleevec on cell proliferation, apoptosis, and microvascularization. Gleevec treatment resulted in 60% decrease in the number of proliferating cells relative to the control (Figure 4a and b) . At the same time, there was a fourfold increase in the number of apoptotic cells as determined by TUNEL staining in the Gleevec treated group as compared to the control (Figure 4c and d) . In addition, Gleevec treatment resulted in a 50% reduction in microvascularization of the WAP-Int3 tumors (Figure 4e and f).
Gleevec inhibits Int3-induced soft agar colony formation
The in vivo data raised the question of whether all four RTK III kinases are required for tumor growth or if one or a combination of them is sufficient to stimulate tumor growth. To address this question, we next chose to examine the activity of the individual Gleevec targets on Int3-and hNotch1-ICD-induced transformation using an in vitro system. We (Robbins et al., 1992; Imatani and Callahan, 2000) and Dievart et al.(1999) have shown previously that HC11 mouse mammary epithelial cells, Figure 2 Continuous release of Gleevec inhibits WAP-Int3 mammary tumor growth in vivo. (a) Gleevec dose response. Mice bearing primary WAP-Int3 mammary tumors were treated with water, 10.5 or 21 mg/week Gleevec for 7 days. Gleevec was administered using subcutaneous osmotic pumps (continuous release) as described in Materials and methods. Treatment started when tumor weight reached 500 mg. Mammary tumors were palpated and measured on daily basis for the duration of the experiment (6 days). Each data point indicates the average tumor weight from a minimum of 5-6 different mice measured at the specified day. *Po0.05 for 21 mg/week treated mice having lower tumor weight than the 10.5 mg/week. (b) Regression of WAP-Int3 primary mammary tumors is Gleevec dependent. Gleevec treatment started when tumor weight reached 500 mg and continued for 7 days. Continuous release of Gleevec (21 mg/week) from osmotic pumps reduced mammary tumor weight (compare day 1 vs. day 5). Resumption of WAP-Int3 mammary tumor growth took place on day 6 as the osmotic pumps were depleted of Gleevec. (c) Gleevec effects on the in vivo growth of transplanted WAP-Int3 viable mammary tumor tissue. Viable tissue from WAP-Int3 mammary tumor was placed in the inguinal mammary gland of two different FVB/N mice. Once tumors weight reached 100 mg, one mouse received Gleevec (') and the other received water (E). It took the viable tissue 19 days to reach 100 mg and about 33 days to reach 500 mg. Early treatment of WAP-Int3 tumors with Gleevec (21 mg/ week) resulted in inhibition of tumor growth, whereas treatment of the same tumors with water did not block tumor growth. Each data point in these graphs indicates the average tumor weight from a minimum of six different mice measured at the specified day. siRNA knockdown of c-Kit and PDGFR-a inhibits soft agar growth Gleevec inhibition of Int3-induced soft agar growth suggested that the activity of the target RTK III was important in Int3-induced cell transformation. To determine which receptor, or combination of receptors, was important, we employed a small interfering RNA (siRNA) approach to knock down each receptor individually or in combination and looked at the effect on soft agar growth. The effect of non-silencing and growth was not completely inhibited with either c-Kit or PDGFR-a knockdown alone, we used a double knockdown approach of both receptors and included various dosages of c-Kit and PDGFR-a siRNA oligomers to determine if there was a dose that was not sufficient to inhibit colony growth alone, but was sufficient to inhibit colony formation when c-Kit and PDGFR-a knockdown were combined. We found that although we were never able to inhibit colony formation beyond a level of B85% with double transfection of c-Kit and PDGFR-a siRNA oligomers (Figure 6c , compare lane 2 with lanes 3 and 4), we were able to titrate the amount of single c-Kit or PDGFR-a siRNA oligomer down to a concentration that would not inhibit soft agar growth when transfected alone (Figure 6c , lanes 5 and 6). However, when c-Kit and PDGFR-a siRNA oligomers Figure 4 In vivo effect of Gleevec on proliferation, apoptosis and angiogenesis of WAP-Int3 mammary tumors. Tumor-bearing mice were treated with Gleevec (21 mg/week) as described in Materials and methods. At days 1, 3 and 5 after treatment, mice were killed and tissue was collected. Gleevec-induced inhibition of proliferation (a and b), induction of apoptosis (c and d) and reduction of blood vessels (e and f) was determined as described in Materials and methods. Proliferating and apoptotic cells were scored and labeling index expressed as a percentage of positive nuclei of at least 3000 counted cells. Arrows point to blood vessels. Blood vessels were scored as number of blood vessels/microscopic field. *P o0.05. Magnification, Â 40. c-Kit and PDGFR-a activity are both required for Int3-induced transformation To further explore the role of c-Kit and PDGFR-a in this system, we used the c-Kit ligand stem cell factor (SCF) to stimulate the cells and observe the effects on colony formation. When HC11-Int3 cells are stimulated with SCF, the number of colonies formed per well increased B1.5-fold over untreated HC11-Int3 cells (Figure 7 , compare lane 4 with lanes 5 and 6). Most striking was the rapid onset of HC11-Int3 colony formation in the presence of SCF. By day 10 after plating, scorable colonies were observed in the SCFtreated Int3 cells (data not shown). Knockdown of c-Kit receptor activity via siRNA inhibits this rapid onset of colony formation. Because the HC11-Int3 cells have such a marked response to SCF, we determined whether the stimulation of these cells with SCF would be sufficient to overcome the effects of PDGFR-a knockdown on Int3-induced soft agar growth. In this experiment, we used siRNA oligomers to knock down PDGFR-a in the presence of SCF. Interestingly, we found that even with increasing doses of SCF, stimulation of the c-Kit receptor in the presence of PDGFR-a knockdown was not sufficient to induce soft agar growth (Figure 7 , compare lane 7 with lanes 8 and 9). Thus, in this setting, PDGFR-a activity is at least equally as important as c-Kit receptor activity in regulating soft agar growth of HC11-Int3 cells. . Unless indicated, the concentration of siRNA oligomer used was 100 nM. Only, groups 5-7 in (C) were transfected with 50 nM siRNA oligomer as indicated. *Po0.001, receptor siRNA transfected as compared to non-silencing siRNA control. Columns, mean; Bars7s.e.m.
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Discussion
In the present work, we have shown that WAP-Int3 mammary tumors contain high steady-state levels of c-Kit and other members of the RTK III family. The linkage between Notch and Kit/PDGFR signaling is not unprecedented. For instance, endothelial-to-mesenchymal transformation is associated with Notch4 signaling, which leads to the upregulation of PDGFR expression (Noseda et al., 2004) . Interestingly, human mammospheres that are enriched for early progenitor/stem cells of the mammary gland coexpress Notch4 and PDGFRa (Dontu et al., 2004) . In other tissues such as ciliary epithelium neural stem cells, c-Kit-mediated signaling upregulates Notch expression and signaling (Das et al., 2004) . Enriched hematopoietic stem cells also coexpress Notch1 and c-Kit (Ramalho-Santos et al., 2002) . As members of the Kit/PDGFR RTK III family are involved in multiple tumor-associated processes, we questioned whether their signaling contributes to mammary tumor development in the context of Int3 signaling. Treatment of Int3 tumor-bearing mice with Gleevec, an inhibitor specific for this family of RTK, caused the tumors to regress to a point that in many cases they were unpalpable. At a molecular level, a primary consequence of Gleevec treatment on c-Kit, PDGFR-a and c-Abl was to decrease their phosphorylation. A secondary consequence of Gleevec treatment was the decrease in the number of proliferating cells and the level of the microvascularization of the tumors coupled with an increase in the level of apoptotic cells in the tumors. The increase in apoptosis and decrease in proliferation in response to Gleevec might explain the reduction in tumor growth. Continuous release of Gleevec for a week resulted in 33% inhibition of tumor growth by day 2 and 66% by day 4. Gleevec treatment produced a complete inhibition of tumor growth, indicating that a continuous block of Gleevec targets activity is needed to produce complete tumor regression. Similar results were observed when Gleevec was administered every 8 h in mice bearing Leydig cell tumors (Basciani et al., 2005) and in nude mice bearing Bcr/Abl-positive human leukemia cell lines (le Coutre et al., 1999) . Discontinuation of Gleevec treatment resulted in rapid tumor re-growth, confirming the need for a sustained blockage of Gleevec targets to inhibit tumorigenesis. These results are in agreement with clinical data in CML patients (Cortes et al., 2004) . The antiangiogenic effect of Gleevec has been observed in several types of cancers (Hwang et al., 2003; Uehara et al., 2003) . This effect has been attributed to the inhibition of PDGFRs and c-Kit, which are important survival factors for endothelial cells (Betsholtz, 2003; Matsui et al., 2004) . Gleevec inhibits vascular endothelial growth factor expression indirectly through a PDGF inhibition-mediated mechanism (Wang et al., 1999) . In addition, both PDGFR-b and PDGF-b null mutant mice die at late gestation from widespread microvascular bleeding (Leveen et al., 1994; Soriano, 1994) . Taken together, we conclude from our data that signaling by at least one RTK III member is necessary for initiating or maintaining Int3 mammary tumorigenesis.
To determine which RTK III member or combination of members is responsible for tumor promotion, we used an in vitro model in which Int3 expression confers on HC11 mouse mammary epithelial cells the ability for anchorage independent-growth in soft agar. Treatment of HC11-Int3 cells with Gleevec blocks, in a dosedependent manner, their ability to grow in an anchorage-independent manner, whereas it is not cytotoxic to HC11 cells grown on monolayer. From this result, we concluded that it was not RTK III signaling per se, but a collaboration between Int3 and RTK III signaling. To define more fully which RTK III family member(s) are involved in this collaboration, we used siRNA against each of the RTK III members in the HC11-Int3 soft agar assay. As with Gleevec, siRNA against individual RTK III members is not toxic for HC11 cells. In addition, HC11 cells do not express PDGFR-b, and knockdown of c-Abl with siRNA had a minimal effect on the ability of HC11-Int3 cells to grow in soft agar. Therefore, we conclude that the primary contributors to HC11-Int3 soft agar growth are due to the activation of c-Kit and PDGFR-a. Two observations suggest that both c-Kit and PDGFR-a are required to promote Int3-induced HC11 soft agar growth. First, suboptimal levels of siRNA for c-Kit and PDGFR-a act cooperatively in the inhibition of HC11-Int3 soft agar growth, and second, SCF induction of c-Kit activity was unable to overcome PDGFR-a siRNA inhibition of HC11-Int3 soft agar growth. We conclude that there are components of the c-Kit and PDGFR-a signaling pathways that are unique to each and that they collaborate with Int3 signaling in mammary tumor progression.
Notch1-ICD (ICD1) also confers on HC11 cells the capability of growth in soft agar (Dievart et al., 1999) . Like HC11-Int3 cells, Gleevec blocks HC11-ICD1 cell growth in soft agar, suggesting that c-Kit and PDGFR-a are the targets for the drug in these cells as well. It seems pertinent, therefore, that in human foreskin fibroblasts (BJ) and human embryonic kidney (HEK) epithelial cells, oncogenic Ras activates the expression of Notch1 that in turn activates the expression of Notch4 (Weijzen et al., 2002) . In this setting, oncogenic Ras is upstream of Notch1, as suppression of Notch1 expression inhibits the growth of Ras-transformed cells.
At the present time, only a limited number of studies have been undertaken to look at the expression of Notch, c-Kit and PDGFR-a in normal human breast and in primary breast carcinomas. Reedijk et al.(2005) found that the expression of each member of the Notch gene family could be detected to varying degrees in a survey of 184 breast carcinomas. In fact, high levels of Notch1 and its ligand JAG1 were linked to poor overall survival. Imatani and Callahan (2000) identified a truncated Notch4 RNA species in certain human breast, colon and lung carcinoma cell lines. This Notch4 RNA species encodes a portion of the ICD of the protein.
Expression of this Notch4 RNA species from a transgene in the mouse mammary gland is associated with mammary tumor development (Raafat et al., 2004) .
High levels of c-Kit were observed in the normal mammary ductal epithelium but not in myoepithelial cells (Weijzen et al., 2002) . Assessment of breast carcinomas for c-Kit expression have shown that as the tumors become more invasive, the levels of c-Kit expression decrease; thus, 44-53% of ductal carcinomas in situ (DCIS) are c-Kit positive, whereas only 9-10% of invasive ductal carcinomas (IDC) are c-Kit positive (Ulivi et al., 2004; Tsuda et al., 2005a; Diallo et al., 2006) . In contrast, 39% of IDC are positive for PDGFR-a expression (de Jong et al., 1998; Carvalho et al., 2005) . In these tumors, the stroma and endothelium also stain positive for PDGFR-a (de Jong et al., 1998) . In conclusion, the reports of elevated steady-state levels of Notch, c-Kit and PDGFR-a expression in human breast cancer tissue (Carvalho et al., 2005; Diallo et al., 2006) suggest that Gleevec is a potential candidate drug for breast cancer treatment and prevention.
Materials and methods
Animals and experimental design
Primary mammary tumors in the WAP-Int3 females were palpated weekly. The length, width and depth of palpable tumors were measured with Vernier calipers. TW was determined using the equation TW (mg) ¼ (S) 2 Â L/2 where S and L (le Coutre et al., 1999) were measured in millimeters. S and L are the shortest and longest diameters of the tumor, respectively. Primary tumors were allowed to grow until they reached 500 mg, at which time the WAP-Int3 tumor-bearing mice were killed and mammary tumors were collected as viable tissue. To reduce inter-tumor variations, virgin FVB/N female mice from our colony were used at 10 weeks of age and the inguinal mammary glands of these FVB\N mice served as the transplantation site of the primary WAP-Int3 viable tumor tissue. Viable tissue from each WAP-Int3 mammary tumor was placed in the inguinal mammary gland of two separate FVB/N mice. Once tumors reached the desired weight, one mouse with tissue from a single primary tumor received Gleevec and its matching control received water (control). Alzet miniosmotic pumps (Model 2001, pumping rate 1 ml/h, Durect Corp., Cupertino, CA, USA), implanted subcutaneously on the dorsal surface of the mouse, were used to deliver a subcutaneous dose of Gleevec (10.5 or 21 mg/mouse/ week) or water (control). For studies longer than 7 days, fresh pumps were used every 7 days. Gleevec was generously provided by Novartis Pharma (Basel, Switzerland). Treated mice were killed at various time points. Mice were kept under standard laboratory conditions according to the guidelines of the National Cancer Institute. This study was approved by the Institutional Ethics Committee for Laboratory Animals used in Experimental Research.
Northern Blot Analysis and RT-PCR
To detect c-Kit, c-Abl, PDGFR-a and PDGFR-b expression in WAP-Int3 tumors, total RNA extracts were prepared from WAP-Int3 mammary tumors using TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA), according to the manufacturer's instructions.
Twenty-five micrograms of total RNA from WAP-Int3 and MMTV LTR-Int3 mammary tumors as well as mammary tissue from normal FVB/N and WAP-Int3 females was used in Northern blot analysis as previously described (Robbins et al., 1992; Gallahan and Callahan, 1997) . Full-length cDNAs for c-KIT (ATCC 10699933) and GAPDH (ATCC 10539048) were used for hybridization as described previously (Robbins et al., 1992; Gallahan and Callahan, 1997) .
The For each experiment, a control reaction without reverse transcriptase was performed. A thermal cycle of 581C annealing temperature was repeated 32 times using Superscript One-Step RT-PCR with Platinum Taq (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's protocol. RT-PCR products were separated on a 1.5% agarose gel and visualized with ethidium bromide.
Preparation of tissue for histology
Mammary glands were routinely fixed in 4% freshly prepared paraformaldehyde in phosphate-buffered saline (PBS) (pH 7.4) for 2 h, rinsed through several changes of buffer, dehydrated in ethanol and embedded in paraffin. Paraffin sections (5 mm) were placed on slides, deparaffanized and stained with H&E.
Colony formation in soft agar
Five thousand cells in 2 Â growth medium with or without SCF (50 mM; Peprotech, Rocky Hill, NJ, USA) or c-Kit activity-blocking antibody, Clone K44.2 (200 mg/ml; Sigma St Louis, MO, USA) were mixed 1 : 1 with 0.4% agar and then analysed for colony formation as described previously (Ghatak et al., 2002) . After 20 days of growth in agar, 1 ml of nitroblue tetrazolium vital dye (Sigma, St. Louis, MO, USA) was added to each well to visualize viable colonies. The following day, colonies were counted at a magnification of Â 10 using a manufactured ocular scale (Electron Microscopy Sciences, Fort Washington, PA, USA). Colonies measuring larger than 150 mm in diameter were counted. Each experiment was carried out in duplicate and performed at least three times.
RNAi gene silencing c-Kit, c-Abl, PDGFR-a and PDGFR-b gene silencing was performed using Qiagen-designed siRNA duplexes for c-Kit, c-Abl, PDGFR-a and PDGFR-b (Qiagen Inc., Valencia, CA, USA). Two double-stranded siRNAs were generated for each target, except for c-Abl, which was generated and prevalidated by the manufacturer. All oligomers were tested. An asterisk indicates the siRNA that showed the greatest inhibition and was subsequently used in the experiment. DNA target sequences or regions are as follows: c-Kit (1) TTCCGTGACATTCAACGTTTA, c-Kit (2)* CCCACTGT GATTCCGCCTTTA, PDGFR-a (1) CGGCGACTACATG GACATGAA, PDGFR-a (2)* ACGGATGAGAGTGA GATC GAA, PGDFR-b (1)* CCGGTACGTGTCAGAACT GAT, PGDFR-b (2) GCGGGTGGTGTTCGAGGCTTA and c-Abl* 1818-1863. In all experiments, a non-silencing duplex siRNA was used as a control. HC11 cells were plated the day before transfection to reach 60-80% confluency the next day. All transfections were carried out in six-well plates according to the Qiagen protocol, using a 1:3 ratio of siRNA:RNAi Fect Reagent. Gene silencing was monitored at the protein level by Western blotting of cell lysates collected 48 h following transfection. Cells were harvested for soft agar assay 48 h following transfection.
Immunoblotting Cells were harvested with trypsin-ethylene diaminetetraacetic acid (1 Â ) (Gibco BRL) and collected as a pellet by centrifugation at 41C. Cells were lysed in buffer containing 1% Nonidet-40, 0.5 mM ethylene glycol tetraacetate, 5 mM sodium orthovanadate, 10% glycerol, 1 Â concentration of Calbiochem Protease Inhibitor Cocktail I (La Jolla, CA, USA) and 50 mM HEPES, pH 7.5. SDS-polyacrylamide gel electrophoresis (SDS-PAGE), followed by transfer to nitrocellulose. After blocking for 1 h and washing with Tris-buffered saline-0.1% Tween 20, the membranes were probed overnight with primary antibodies to c-Kit, c-Abl, PDGFR-a, PDGFR-b (all 1:100; Santa Cruz, Santa Cruz, CA, USA), or tubulin (1:5000. Sigma, St Louis, MO, USA). Membranes were washed as described above, followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibody (1:5000; Amersham Biosciences, Piscataway, NJ, USA). ECL reagent (Amersham Biosciences, Piscataway, NJ, USA) was used for detection.
Immunoprecipitation Cells were harvested as described above and lysates were normalized to 1 mg/ml total protein. Anti-phosphotyrosine (clone 4G10) immunoprecipitating antibody (4 mg; Upstate Lake Placid, NY, USA) was added to the cell lysate and incubated on a rotator at 41C overnight. Protein G agarose beads (Roche Diagnostics, Indianapolis, IN, USA) were added to capture the immunocomplex and incubated on a rotator at 41C for 2 h. The agarose beads were collected, washed once with ice-cold PBS, twice with 1 Â Tris-buffered saline-0.25 M sodium chloride and resuspended in 5 Â sample buffer. Beads were heated at 1001C for 5 min, centrifuged and the supernatant was subjected to SDS-PAGE and transfer. Membranes were incubated with antibodies against c-Kit, c-Abl, PDGFR-a or PDGFR-b (1:100; all Santa Cruz), followed by HRPconjugated secondary antibody as described above.
Statistics
Quantitative values are represented as the mean of at least three experiments. All in vivo experiments were repeated at least three times, and at least five mice were used in each experiment. The statistical significance of the difference between groups was determined by the Wilcoxon rank sum test. Comparisons resulting in P-values less than 0.05 were considered statistically significant and identified in the figures with an asterisk (*).
